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Fire and smoke have been used in traditional agricultural systems for centuries. In recent years, biologically active compounds have been iso-
lated from smoke with potential uses in agriculture and horticulture. This article highlights the possibilities of using smoke-water or smoke-de-
rived butenolide (3-methyl-2H-furo[2,3-c]pyran-2-one, termed karrikinolide, KAR1) for the cultivation of agricultural and horticultural crops.
Treatments with smoke-water show promising results for improving seed germination, seedling growth and crop productivity. In certain cases,
even under adverse conditions, such as low or high temperatures and low osmotic potentials, smoke-water or a KAR1 solution can promote seed
germination and seedling growth. This phenomenon is of great signiﬁcance when seeds are sown under drought conditions. Smoke-technology,
therefore, has potential for use in arid and semi-arid regions. Possibilities may also exist for controlling some plant diseases and managing weeds
with the use of smoke or KAR1 solutions. In addition, smoke-technology can possibly economize the use of commercial chemical fertilizers, pes-
ticides and herbicides, making it a feasible technology for organic farming and for resource-poor farmers in developing nations. The positive role
of smoke-water in ﬂowering and fruiting of crops cannot be overlooked as the karrikins found in smoke are now recognized as potential new plant
growth regulators. Very low concentrations of smoke-water or a KAR1 solution are effective in promoting germination and post-germination
growth. Thus, early harvesting and increasing the productivity of crops using smoke-technology may be possible. Here we review some of the
effects of smoke and KAR1 on various crop species and discuss the potential uses of smoke technology in agriculture and horticulture.
© 2011 SAAB. Published by Elsevier B.V. All rights reserved.
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Slash-and-burn techniques are practiced by many indigenous
communities around the world for converting forests into crop
fields. In Africa, pastoralists use fire to enhance the growth of
grass for livestock and subsistence farmers use it to clear
unwanted biomass before cultivating the next crop (GFMC,
2004). The use of fire is the cheapest, fastest and most effective
method of land clearing and has an additional advantage of pro-
viding nutrients to the soil from ash residues (Simorangkir,
2007). Traditional Aborigines of Australia use fire for promoting⁎ Corresponding author. Tel.: +27 33 2605130; fax: +27 33 2605897.
E-mail address: rcpgd@ukzn.ac.za (J. Van Staden).
0254-6299/$ - see front matter © 2011 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2011.08.006the availability of economically important plants and animals
(Gould, 1971; Hallam, 1975; Harris, 1977; Jones, 1969, 1980).
Fires set by the Alyawara Aborigines of Central Australia cover
a relatively small area but have a notably good influence on the
productivity of Ipomoea, Solanum and different grass species.
Thus, they are able to use fire as a low-cost method for cultiva-
tion (O'Connell et al., 1983). The majority of small-scale
farmers in Samoa practice indigenous methods of pull-and-
burn and fallowing to control weeds of taro, yam and taamu
(Tikai and Kama, 2004). In Arunachal Pradesh of India, the ethnic
Noctes tribe has maintained an age-old traditional slash-and-burn
farming system on hill slopes (Tangjang, 2009).
In addition to the heat effects of fire, smoke plays a significant
role in traditional agricultural systems. Resource-poor farmers ints reserved.
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are exposed to smoke and heat. It is believed that this method
of storage gives protection to the grain against insect and fungal
attack. Furthermore, this traditional way of storing maize cobs
improves seed germination and seedling vigour (Modi, 2002,
2004). A similar method is adopted in traditional farming systems
in north-east India, where seeds of maize and leguminous crops
are often kept intact and hung over the kitchen so as to be exposed
to smoke (Chhetry and Belbahri, 2009). In high and mid-eleva-
tion farming of north-east India, fallen Pinus needles, twigs and
slashed bushes are burnt on top of the soil to suffocate pests and
pathogens. Potato and ginger crops cultivated using this technique
are often more healthy (Chhetry and Belbahri, 2009).
In developed and developing countries, the residue of the pre-
vious crop is often eliminated using fire and this technique is
now sophisticatedly coined as ‘prescribed burning’. This too al-
lows modern farmers to speed up field operations, reduces the
cost of residuemanagement, increases crop yield and allows better
control over weeds and diseases (Chen et al., 2005; Meland and
Boubel, 1966). One of the advantages of burning is that it clears
the residues quickly and facilitates seed germination and seedling
growth of a new crop when planted (Mandal et al., 2004). Al-
though this practice is convenient and cost-effective, it also has
many disadvantages, such as air pollution and killing beneficial
soil insects and microorganisms (Mandal et al., 2004).
It is clear from all these reports that fire and smoke are not
new to agriculture and are well-established techniques in tradi-
tional farming. The past twenty years of research on smoke-
stimulated seed germination, since De Lange and Boucher
(1990) first discovered the phenomenon, is more prevalent in
the field of ecology. To date, smoke has shown stimulation of
seed germination of more than 1200 species from 80 genera
from different ecosystems (Brown and Botha, 2004; Dixon et
al., 2009) and this number is increasing as the research pro-
gresses. Only a few agricultural and horticultural species are
currently being investigated in spite of the traditional evidence
of the significant effects of smoke. This article describes some
of the more recent research and emphasizes the potential use of
smoke and smoke-derived compounds in agriculture and
horticulture.
2. Methods of smoke application
The potential benefits of smoke in agriculture and horticul-
ture may be achieved by various methods of application of
‘crude’ smoke in the form or aerosol smoke or smoke extracts.
In addition, several active compounds have been isolated from
smoke that may have the potential for development as important
agrochemicals.
2.1. Aerosol smoke and smoked media
One of the simplest methods of smoke treatment is by direct
application of aerosol smoke. In this method, seeds are directly
exposed to smoke generated from burning plant material. Many
examples of exposing seeds to smoke have been documented
(Baxter et al., 1995; Brown, 1993a; Brown, 1993b; Brown etal., 1993; Brown et al., 1994; De Lange and Boucher, 1990;
Dixon and Roche, 1995; Dixon et al., 1995), although most
of these were carried out for ecological studies. Sparg et al.
(2006) reported on the use of an aerosol smoke treatment on a
commercial maize cultivar (Zea mays cv. PAN 6479). Maize
kernels were placed in a sieve and exposed to cool smoke
(~28 °C) for the desired period. A sieve was placed on top of a
chimney (1.5 m) and smoldering smoke of semidryHeteropogon
contortus (Poaceae) was generated at the bottom. This technique
was convenient and effective for treating the maize kernels. For
large-scale applications of aerosol smoke on seeds, this method
could be modified. Precaution should be taken, however, to
place the seeds at a sufficient distance to avoid exposing them
to the high temperatures of the ignited plant material.
Aerosol smoke or smoke-water (see below) can also be applied
to soil or potting media (e.g. sand, vermiculite, perlite, coco peat)
into which seeds could be planted (Abdollahi et al., 2011; Keeley
and Fotheringham, 1998). This can provide a convenient method
for first treating the media, prior to sowing of the seeds at a suit-
able time.
2.2. Smoke-water
Smoke-water is one of the most convenient means of appli-
cation. The biologically active compounds present in smoke
readily dissolve in water and when this smoke-extract is used as
a diluted solution, treated seeds of many species show a marked
improvement in germination. De Lange and Boucher (1990)
were the first to report on this phenomenon. They generated
smoke in a drum, and using compressed air, smoke was bubbled
through distilled water. Based on this method, a wide range of
plant materials have been used to prepare aqueous smoke extracts
(Brown and Van Staden, 1997). Generally, all plant materials are
suitable for preparation of smoke extracts (Jäger et al., 1996). A
concentrated aqueous smoke extract can be diluted with
water in ratios of 1:250; 1:500; 1:1000; 1:1500 and 1:2000
(v/v). Dilutions in this range are usually quite effective in pro-
moting germination although it varies from species to species.
This method of preparing smoke-water is relatively easy and
economical and the apparatus for preparing smoke-water is il-
lustrated in Van Staden et al. (2004). A concentrated smoke ex-
tract, prepared for our research experiments in 1994 (and
stored at 10 °C), has retained its germination activity to date.
Thus, the use of smoke-water is a feasible and inexpensive
technique for resource-poor, small-scale and large-scale
farmers.
2.3. Smoke-derived compounds
A biologically active butenolide compound (3-methyl-2H-
furo[2,3-c]pyran-2-one) was isolated from burnt cellulose
and plant-derived smoke (Flematti et al., 2004; Van Staden
et al., 2004). This compound, now termed karrikinolide
(KAR1; Flematti et al., 2009), is stable and even at very low
concentrations it is effective in promoting seed germination
in many different plant species (Light et al., 2009). Following
the initial isolation of KAR1, a whole new family of plant
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smoke (Chiwocha et al., 2009; Flematti et al., 2009), and sev-
eral related compounds have been synthesized (Flematti et al.,
2007). It is estimated that between 2 and 5 g of KAR1 is more
than sufficient for 1 ha of land—application rates that are
commercially viable (Dixon et al., 2009). KAR1 has been
evaluated for possible mutagenic and genotoxic effects using
the VITOTOX® test and the Ames assay (Verschaeve et al.,
2006). No toxic effects were observed at the concentrations
tested (1×10−4 to 3×10−10 M), indicating that the compound
may be safe to use within the range at which many seeds and
seedlings of different plant species are stimulated. In addition,
this compound has the ability to widen the temperature and
water potential range of seed germination and seedling growth,
as discussed below (Ghebrehiwot et al., 2008; Jain et al., 2006).
The versatile nature of KAR1 makes it an ideal tool in agri-
cultural/horticultural practices, and Light et al. (2009) have re-
cently reviewed the biological effects of this compound. It
should be noted, however, that KAR1 is not effective on all spe-
cies, and there are instances where some seeds have shown a re-
sponse to smoke or smoke-water, but not KAR1 (Downes et al.,
2010). Furthermore, there are other compounds in smoke, such
as ethylene, nitrogen oxides (Keeley and Fotheringham, 1997)
and glyceronitrile (Flematti et al., 2011) that may also play an im-
portant role in promoting germination. Thus, the effect of KAR1
and other smoke-derived compounds needs to be further investi-
gated on agricultural and horticultural crops, as well as on natu-
rally occurring species.
A few laboratories are engaged in synthesizing KAR1 and
related compounds using various chemical pathways (Flematti
et al., 2005; Goddard-Borger et al. 2007; Matsuo and Shindo,
2011; Nagase et al., 2008; Sun et al., 2008). The findings of
these laboratories will be useful for agrochemical industries
that can manufacture this compound in bulk quantities. For
commercial application, however, further research will be
required.
3. Smoke and crops
3.1. Effects of smoke and KAR1 on seed germination and seed-
ling growth
Several crop species have been investigated with respect to
the effects of smoke and smoke solutions. Smoke has been
shown to substitute for the light requirement of lettuce (Lactuca
sativa cv. Grand Rapids) seeds (Drewes et al., 1995), enhance
seed germination of celery (Thomas and Van Staden, 1995), re-
lease dormancy in red rice (Oryza sativa) (Doherty and Cohn,
2000), and stimulate root growth of tomato in vitro (Taylor and
Van Staden, 1998). Sparg et al. (2006) evaluated the effect of
aerosol smoke and smoke-water on seeds of commercially culti-
vated maize (Z. mays cv. PAN 6479). Seeds that were germinated
directly with smoke-water dilution (1:500, v/v) or exposed to
aerosol smoke for 30 min with rinsing showed marked improve-
ment in both germination and seedling growth. Seedlings that de-
veloped from seeds pre-soaked in water for 180 min and exposed
to aerosol for 60 min exhibited the highest vigor index. Inaddition, this study indicated that treating maize seeds with
higher concentrations of smoke-water and exposure to aerosol
smoke for a longer duration can inhibit germination (Sparg
et al., 2006).
Van Staden et al. (2006) investigated the post-germination
effect of smoke-water and KAR1 on tomato (Lycopersicon
esculentum cv. Heinz-1370), okra (Abelmoschus esculentus cv.
Clemson spineless) and bean (Phaseolus vulgaris cv. Dwarf-
imbali) under laboratory conditions. Tomato seedlings that were
treated with solution of KAR1 (10
−7 M) had 10-times greater
root length than the water control, whereas in okra and bean,
root length was 3-times more. There was also a significant in-
crease in shoot length of all three crop seedlings. Furthermore,
both smoke-water (1:500, v/v) and KAR1 significantly improved
the weight of the tomato and okra seedlings. Seedling vigor,
which is an important indicator of vegetable crop establishment,
was significantly greater for tomato, okra and bean when seeds
were treated with smoke-water or KAR1. The study also reported
significant increases in seedling mass and vigor index of maize
seeds (Z. mays cv. PAN 6479) using KAR1 solution.
Rice is a staple food in many parts of the world and seedling es-
tablishment is crucial. A study conducted by Kulkarni et al. (2006)
indicated that smoke can be a useful treatment for improving the
vigor of rice. The study tested the effect of different concentrations
of smoke-water and KAR1 on seeds of a local rice (O. sativa) vari-
ety from Botswana. Results showed that smoke-water (1:500, v/v)
and KAR1 (10
−8 M) significantly promoted shoot length and a low
concentration of KAR1 (10
−10 M) achieved maximum root length
and seedling mass. KAR1-treated (10
−8 M) seedlings produced a
greater number of lateral roots than untreated ones. Overall, some
concentrations of smoke-water and all tested concentrations of
KAR1 showed better vigor indices in this rice variety.
A further study on tomato (Solanum esculentum cv. Heinz
1370) seeds primed with KAR1 yielded more vigorous seed-
lings than water-primed seeds or seeds that were continuously
subjected to either water or KAR1 solution in Petri dishes
(Jain and Van Staden, 2007). Priming with KAR1 not only im-
proved seedling vigor at normal conditions but under salinity,
osmoticum or temperature stresses seedlings showed better per-
formance compared to water-primed or unprimed seeds. Thus,
it was suggested that KAR1 can be used as a priming agent
for tomato seeds (Jain and Van Staden, 2007). In addition,
KAR1-primed seeds sustained the stimulatory effect for up to
four months under ambient storage conditions. In a similar
study, aged aubergine (eggplant/brinjal) (Solanum melongena
cv. Kemer) seeds that were primed with KAR1 alone or in com-
bination with polyethylene glycol (PEG) showed rapid emer-
gence and uniform seedlings (Demir et al., 2009). Mavi et al.
(2010) studied the effect of KAR1 priming on high and low
vigor seed lots of melon (Cucumis melo cv. Kirkagac). Seeds
were water- or KAR1-primed (10
−7 M) for 21 h at 25 °C and
were sown at a depth of 4 or 8 cm at 20 and 25 °C. The results
of this study showed that the influence of KAR1-priming was
more evident in the low vigor seed lot that was sown deep at
low temperature. These studies indicated that smoke treatments
could partly overcome seed aging and at the same time increase
seed vigor.
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that plays a significant role in seed germination and seedling devel-
opment of crop plants. Fluctuating temperatures during the sowing
period can be detrimental, sometimes leading to crop failure. Jain
et al. (2006) evaluated the influence of smoke-water and KAR1
at a range of temperatures (10 to 40 °C) on tomato (S. esculentum
cv. Heinz 1370) seed germination. The results of this study showed
that smoke-water-treated (1:500, v/v) seeds at low (10 °C) and
high temperatures (40 °C) had an intermediate response and
only a few seeds developed into normal seedlings. On the other
hand, the treatment of tomato seeds with KAR1 (10
−7 M) resulted
in better germination and development of phenotypically normal
seedlings at these non-optimum temperatures. This suggests that
under sub- and supra-optimal temperatures, KAR1 may be useful
in raising healthy seedlings of tomato.Merritt et al. (2005) reported
similar results for celery, parsley, carrot and leek when seeds were
treated with KAR1.
Eragrostis tef is a major cereal crop in Eritrea and Ethiopia,
and in South Africa it is cultivated as a forage crop. Seeds of
this crop are often exposed to harsh conditions of high fluctuating
temperatures and low water availability. Treatment with smoke-
water (1:500, v/v) and KAR1 (10
−8 M) resulted in better germi-
nation performance than the control at all examined temperatures
(20 to 40 °C) (Ghebrehiwot et al., 2008). These solutions also en-
hanced vigor of seedlings at constant (25, 30, 35 and 40 °C) and
alternating (30/15 °C) temperatures. At a low water potential,
smoke solutions were helpful in recovering germination and
growth of seedlings indicating that the use of smoke treatments
could potentially aid in reducing the productivity losses of
crops in dry regions.
Smoke-water and KAR1 can also be sprayed on seedlings
and young plants to enhance growth. In a greenhouse study,
smoke-water (1:500, v/v) and KAR1 (10
−7 M) were sprayed
on the seedlings of okra (A. esculentus cv. Clemson spineless)
and tomato (L. esculentum cv. Heinz 1370) (Kulkarni et al.,
2007). The stems and leaves of young seedlings (8-day-old)
of okra and tomato were sprayed with these solutions (with a
drop of Tween 20 as surfactant) to the point of runoff using a
500 mL spray bottle. The seedlings received four applications
at four-day intervals. Foliar application of smoke-water on
okra seedlings increased the shoot/root length, shoot fresh/
dry weight, number of leaves, total leaf area and stem thickness
compared to the seedlings which were sprayed with water
(control). This treatment also enhanced the absolute growth
rate of the okra seedlings. There was an increase in most of
the growth parameters of the tomato seedlings with both
smoke-water and KAR1 solution, which resulted in a greater
seedling vigor index and absolute growth rate in comparison
to the control.
3.2. Effects of smoke and KAR1 on crop productivity
There are very few studies that have examined the effect of
smoke-water and KAR1 on actual crop productivity. Kulkarni
et al. (2008) reported that, in addition to smoke treatments enhanc-
ing germination and growth of seedlings, it also promoted the yield
of tomatoes under greenhouse conditions. Tomato plants wereirrigated twice weekly with smoke-water (1:500, v/v) or KAR1 so-
lution (10−9 M) to field capacity. With the application of these so-
lutions, the percentage of plants with fruit (between 85 and
95 days) was much higher than with plants that were untreated.
Smoke-water and KAR1-treated plants yielded a greater number
of marketable tomatoes than the control, with no difference in
the size and mass of the fruit. The nutritional composition of
the treated tomatoes (ascorbic acid, β-carotene, lycopene and
total soluble solids) was not affected and the levels were main-
tained at the same values as the untreated fruits. More important-
ly, by treating tomato plants with smoke solutions, the harvest
indices were significantly improved. This is very important in
horticultural crop management. Latz (1995) and O'Connell
et al. (1983) have reported that productivity of bush tomatoes
was 80-fold more on a site that was burnt by Alyawara aborig-
ines. Smoke-treatment of seeds of Australian bush tomato (Sola-
num centrale) has shown promotory effects on germination and
this could relate to the increase in productivity (Ahmed et al.,
2006).
Onion is an essential food commodity around the world and
farmers are always looking to improve the quality and productiv-
ity of onion bulbs. Recently, smoke solutions have shown prom-
ising results on the growth of onion (Allium cepa L. cv. Texas
Grano 502 PRR) plants and bulbs (Kulkarni et al., 2010).
Under greenhouse conditions, treatment with smoke-water
(1:500, v/v) and KAR1 (10
−10 M) (soil application, twice weekly
for 25 weeks) showed stimulatory effects. These treatments sig-
nificantly promoted the number of leaves, leaf length, leaf fresh
and dry weight compared to non-treated plants. At the end of
the harvest (175 days after seed sowing), smoke-water and
KAR1-treated plants resulted in bigger and heavier onion bulbs.
In this study, smoke-water was more effective than KAR1 and ac-
quired the highest harvest index. The onion bulbs grown with
smoke solutions did not show any genotoxicity, suggesting that
smoke-water and KAR1 solutions are safe to use at these
concentrations.
3.3. Effects of smoke on flowering
Many indigenous plants are known to flower following wild-
fires, and the role of smoke in flowering cannot be ignored. Keeley
(1993) demonstrated that flowering of the fire-lilyCyrtanthus ven-
tricosus could be induced by treating the bulbs with cool aerosol
smoke. In a preliminary experiment on Watsonia borbonica
(spring-flowering hybrid), a once-off treatment of 1:500 (v/v)
smoke-water increased flowering from 20% to 90% (Light et al.,
2007). Smoke may therefore be a potential tool for promoting
flowering of some important horticultural plants. However, more
in-depth studies are necessary to unravel the role of smoke in
this process.
4. Smoke and weeds
Smoke and smoke-derived compounds may be useful in
managing weeds in agricultural systems. Adkins and Peters
(2001) tested the seeds of 18 cool temperate arable weed spe-
cies for the effect of different concentrations of smoke-water
976 M.G. Kulkarni et al. / South African Journal Of Botany 77 (2011) 972–979and found that Avena sterilis ssp. ludoviciana, Alopecurus
myosuroides, Sorghum halepense, and Phalaris paradoxa
responded positively to smoke treatment. In addition, seeds
of the dicotyledonous species Malva neglecta showed profound
stimulation. In the other species tested, some had moderate, slight
or no effect and germination of one species was inhibited.
Daws et al. (2007) studied the effect of plant-derived KAR1
on seed germination and seedling growth of arable weed species.
It was reported that KAR1 significantly enhanced germination
percentage and rate of eight out of 18 species tested. KAR1-treated
seeds of A. myosuroides, Bromus sterilis, Capsella bursa-pastoris
andGalium aparine produced significantly heavier seedlings than
non-treated ones. Similarly, Stevens et al. (2007) showed that
KAR1 treatments, under field conditions at rates of 2–20 g ha
−1,
were effective in enhancing seedlings of economically important
weed species such asAvena fatua, Arctotheca calendula, Brassica
tournefortii and Raphanus raphanistrum. A further study on B.
tournefortii demonstrated that hydration of the seeds prior to
KAR1 application resulted in a reduction of the stimulatory effect
(Long et al., 2010), as observed with hydration prior to smoke-
water treatment of Grand Rapids lettuce seeds (Light et al.,
2002). This has important implications for the timing of applica-
tion of either smoke or KAR1 under field conditions, where it
may be necessary to apply smoke or KAR1 during the dry season,
prior to the onset of the early rainfall events.
Solanum viarum has become a troublesome weed in many
countries. It occurs and spreads widely in agricultural fields and
has, therefore, been listed on the federal noxious weed list in the
USA (Bryson et al., 1995). S. viarum causes economic losses to
the vegetable crop industry and hosts numerous plant diseases
(Duncan, 2005; McGovern et al., 1994). In a study by Kandari
et al. (2011), seed germination of S. viarum was markedly stimu-
lated by different concentrations of smoke-water and KAR1 solu-
tions. Consequently, treatment with smoke-water (1:500, v/v) and
KAR1 solution (10
−8 M) developed taller seedlings, which
resulted in greater vigor indices than the control seedlings. Adkins
and Peters (2001) have suggested that the seed banks of arable
weeds can be stimulated by smoke-water and subsequently, the
emerged seedlings can be eradicated before sowing the seeds of
the crop. In this way, seed banks of S. viarum can also be stimu-
lated to germinate using smoke-water or KAR1 solution and the
resultant seedlings be removed manually, mechanically or
chemically.
5. Smoke and pathogens
Smoke is also known to possess antimicrobial properties, and
has long been used as a means for preserving foods such as fish
and meat (Holley and Patel, 2005). Roche et al. (1997) suggested
that smoke can protect seeds and seedlings against microbial at-
tack. Paasonen et al. (2003) investigated the effect of smoke on
seedlots of rye, barley, wheat and oats, as a traditional method
of grain drying. In their study, germination was better and the
grains showed a decrease in microbial contamination by endo-
phytic species. It was indicated that smoke contains aromatic hy-
drocarbons, chlorine compounds and aldehydes that may be
responsible in reducing the infestation of endophytic fungi to acertain extent, as these smoke compounds show similar chemical
structures to those of known fungicidal compounds. In the green-
house trial, the infestation of common root rot was lower in
smoke-treated seed lots than untreated ones. However, this obser-
vation was preliminary and not fully justified by these workers,
due to inadequate sample size.
Nautiyal et al. (2007) showed that smoke generated by com-
busting wood and a mixture of odoriferous and medicinal herbs
eliminated some of the bacteria that are harmful to agricultural
and horticultural plants. These bacteria were Burkholderia glu-
mae (causes rotting of rice grain and seedlings) (Li et al.,
2004), Curtobacterium flaccumfaciens (causes wilting in
beans) (Yin et al., 2005), Pseudomonas syringae pv. persicae
(causes necrosis of peach tissues) (Barzic and Guittet, 1996)
and Xanthomonas campestris pv. tardicrescens (causes black
rot in crucifers) (Soengas et al., 2007).
6. Smoke-technology and its implications
Water availability, temperature and poor soil fertility are three
major factors that can limit crop productivity, and it has been pre-
dicted that these factors are likely to become more pronounced
with global warming (IPCC, 2007; Morison et al., 2008). Agri-
cultural activity accounts for the use of around 70% of all fresh-
water resources worldwide (FAO, 2002), and in many areas
water supplies are unsustainable and affected by climate change
(Morison et al., 2008). It has been predicted that precipitation in
arid and semi-arid regions is likely to decrease, which may in-
crease the occurrence of droughts due to unreliable rainfall and
fluctuating temperatures (Ragab and Prudhomme, 2002; IPCC,
2007). Since rapid germination and emergence of uniform and
healthy seedlings are necessary for successful crop stands, such
environmental conditions could hamper seedling establishment
resulting in huge crop losses. Thus, adoption of more effective
and sustainable agrononomic practices, associated with a reduc-
tion in water use, is an important strategy for continued crop pro-
duction (Morison et al., 2008).
Chemical fertilizers, pesticides, fungicides and herbicides
are extensively applied to improve crop yields, and this can
have a negative effect on, not only the soils, but also the sur-
rounding environment (Aeron et al., 2011; Ye et al., 2002). In
the long-run, continuous and excessive use of various agro-
chemicals may result in some productive land areas becoming
less productive. Although it is certainly not possible to discon-
tinue the use of conventional agrochemicals completely, there
may be possibilities to reduce their application. Furthermore,
farmers in developing countries have very limited resources
and no access to expensive technology and could benefit from
low-cost alternatives.
Smoke-water and KAR1 have shown some promising results
for seed germination and seedling growth of a number of crop
plants, as described earlier. Brown and Van Staden (1998) sug-
gested the possibility of pre-soaking seeds of horticultural and
vegetable crops in smoke-water. In the context of practical ap-
plication of smoke solutions, seeds could either be soaked in
smoke-water or KAR1 solution prior to planting. Alternatively,
there are possibilities to soak the seeds in these solutions and
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noted, however, that methods for this have not been fully ex-
plored or standardized. For aerosol smoke treatments, it is ad-
visable that the seeds be rinsed with water after smoke
exposure, as smoke also contains inhibitory compound(s)
(Light et al., 2010) that can negatively affect the rate of germi-
nation and emergence of seedlings. In general, an intense expo-
sure of seeds to aerosol smoke should be avoided. Smoke-water
has an advantage over aerosol smoke due to its liquid form, in
that it can be easily applied through irrigation systems and
sprayed on crops. Due to the antimicrobial properties of
smoke (Holley and Patel, 2005; Nautiyal et al., 2007), applica-
tions of smoke-water, up to a certain extent, may be beneficial
in protecting seeds and seedlings from harmful microbial infec-
tions. In this respect, it is suggested that smoke should be tested
as a means of protecting crops from various diseases.
Weeds are a major economic cost to farmers and conventional
weed management focuses mainly on the use of herbicides to
control weeds. Seeds of many weed species exhibit complex dor-
mancies and are difficult to control (Benech-Arnold et al., 2000).
Releasing dormancy, stimulating germination and eradicating
seedlings of weeds could be an important weed management
strategy (Dyer, 1995), and could allow for a reduction in the num-
ber of weed seeds in soil seed banks (Stevens et al., 2007). Smoke
solutions have shown a positive effect on a number of weed spe-
cies and farmers could potentially use smoke-water to enhance
germination of weed seeds in the soil seed bank for eradication
prior to planting the new crop, thereby reducing the weed burden
on the crop (Light and Van Staden, 2004).
7. Concluding remarks
Smoke-technology, in terms of use in modern agriculture and
horticulture, is relatively new and needs to be investigated more
extensively. It has several potential benefits in that smoke-water
or KAR1 solutions can be used in very low concentrations with-
out having any toxic effects on the crops. In addition, the antimi-
crobial properties of smoke may reduce the intensity of bacterial
and fungal infections occurring on crops, potentially reducing the
need for fungicides and other chemicals. Furthermore, the promo-
tive effect of smoke solutions on crop plants under stress, or even
at normal conditions, may aid in reducing the amount of water re-
quired. Thus, the use of smoke-technology might facilitate early
harvests and increases in crop productivity, could assist cultiva-
tion of crops in arid and semi-arid regions, and may be a cost-ef-
fective and affordable method of crop improvement for resource-
poor farmers in developing nations. There is, however, still a
great deal of research to be undertaken to really understand the
full potential of this age-old method of using smoke as a tool
for improving yields in agricultural and horticultural systems, in
addition to understanding any environmental impacts.
Acknowledgements
We thank the National Research Foundation (NRF), Pretoria
and the University of KwaZulu-Natal Research Office for fi-
nancial support.ReferencesAbdollahi, M.R., Mehrshad, B., Moosavi, S.S., 2011. Effect of method of seed
treatment with plant derived smoke solutions on germination and seedling
growth of milk thistle (Silybum marianum L.). Seed Science and Technolo-
gy 39, 225–229.
Adkins, S.W., Peters, N.C.B., 2001. Smoke derived from burnt vegetation stimu-
lates germination of arable weeds. Seed Science Research 11, 213–222.
Aeron, A., Kumar, S., Pandey, P., Maheshwari, D.K., 2011. Emerging role of
plant growth promoting rhizobacteria in agrobiology. In: Maheshwari,
D.K.K. (Ed.), Bacteria in Agrobiology: Crop Ecosystems. Springer, Berlin
Heidelberg, pp. 1–36.
Ahmed, A.K., Johnson, K.A., Burchett, M.D., Kenny, B.J., 2006. The effects of
heat, smoke, leaching, scarification, temperature and NaCl salinity on ger-
mination of Solanum centrale (the Australian bush tomato). Seed Science
and Technology 34, 33–45.
Barzic, M.R., Guittet, E., 1996. Structure and activity of persicomycins, toxins
produced by a Pseudomonas syringae pv. persicae/Prunus persica isolate.
European Journal of Biochemistry 239, 702–709.
Baxter, B.J.M., Granger, J.E., Van Staden, J., 1995. Plant-derived smoke and
seed germination: is all smoke good? That is the burning question. South
African Journal of Botany 61, 275–277.
Benech-Arnold, R.L., Sanchez, R.A., Forcella, F., Kruk, B.C., Ghersa, C.M.,
2000. Environmental control of dormancy in weed seed banks in soil.
Field Crops Research 67, 105–122.
Brown, N.A.C., 1993a. Promotion of germination of fynbos seeds by plant-de-
rived smoke. The New Phytologist 123, 575–583.
Brown, N.A.C., 1993b. Seed germination in the fynbos fire ephemeral, Syncar-
pha vestita (L.) B. Nord. is promoted by smoke, aqueous extracts of smoke
and charred wood derived from burning the ericoid-leaved shrub, Passerina
vulgaris Thoday. International Journal of Wildland Fire 3, 203–206.
Brown, N.A.C., Botha, P.A., 2004. Smoke seed germination studies and a guide
to seed propagation of plants from the major families of the Cape Floristic
Region, South Africa. South African Journal of Botany 70, 559–581.
Brown, N.A.C., Van Staden, J., 1997. Smoke as a germination cue. A review.
Plant Growth Regulation 22, 115–124.
Brown, N.A.C., Van Staden, J., 1998. Plant-derived smoke: an effective seed
pre-soaking treatment for wildflower species and with potential for horticul-
tural and vegetable crops. Seed Science and Technology 26, 669–673.
Brown, N.A.C., Kotze, G., Botha, P.A., 1993. The promotion of seed germina-
tion of Cape Erica species by plant-derived smoke. Seed Science and Tech-
nology 21, 179–185.
Brown, N.A.C., Jamieson, H., Botha, P.A., 1994. Stimulation of germination in
South African species of Restionaceae by plant-derived smoke. Plant
Growth Regulation 15, 93–100.
Bryson, C.T., Byrd Jr., J.D., Westbrooks, R.G., 1995. Tropical soda apple (Sola-
num viarum) in the United States. Mississippi States, Department of Agricul-
ture and Commerce, Bureau of Plant Industry Bulletin, p. 2.
Chen, Y., Tessier, S., Cavers, C., Xu, X., Monero, F., 2005. A survey of crop
residue burning practices in Manitoba. Applied Engineering in Agriculture
21, 317–323.
Chhetry, G.K.N., Belbahri, L., 2009. Indigenous pest and disease management
practices in traditional farming systems in north east India. A review. Jour-
nal of Plant Breeding and Crop Science 1, 28–38.
Chiwocha, S.D.S., Dixon, K.W., Flematti, G.R., Ghisalberti, E.L., Merritt, D.J.,
Nelson, D.C., Riseborough, J.-A.M., Smith, S.M., Stevens, J.C., 2009. Kar-
rikins: a new family of plant growth regulators in smoke. Plant Science 177,
252–256.
Daws, M.I., Davies, J., Pritchard, H.W., Brown, N.A.C., Van Staden, J., 2007.
Butenolide from plant-derived smoke enhances germination and seedling
growth of arable weed species. Plant Growth Regulation 51, 73–82.
De Lange, J.H., Boucher, C., 1990. Autecological studies on Audouinia capi-
tata (Bruniaceae). I. Plant-derived smoke as a seed germination cue.
South African Journal of Botany 56, 700–703.
Demir, I., Light, M.E., Van Staden, J., Kenanoglu, B.B., Celikkol, T., 2009. Im-
proving seedling growth of unaged and aged aubergine seeds with smoke-
derived butenolide. Seed Science and Technology 37, 255–260.
978 M.G. Kulkarni et al. / South African Journal Of Botany 77 (2011) 972–979Dixon, K.W., Roche, S., 1995. The role of combustion products (smoke) in
stimulating ex-situ and in-situ germination of Western Australian plants.
Proceedings of the International Plant Propagation Society 45, 53–56.
Dixon, K.W., Roche, S., Pate, J.S., 1995. The promotive effect of smoke de-
rived from burnt native vegetation on seed germination of Western Austra-
lian plants. Oecologia 101, 185–192.
Dixon, K.W., Merritt, D.J., Flematti, G.R., Ghisalberti, E.L., 2009. Karrikino-
lide — a phytoreactive compound derived from smoke with applications
in horticulture, ecological restoration and agriculture. Acta Horticulturae
813, 155–170.
Doherty, L.C., Cohn, M.A., 2000. Seed dormancy in red rice (Oryza sativa). XI.
Commercial liquid smoke elicits germination. Seed Science Research 10,
415–421.
Downes, K.S., Lamont, B.B., Light, M.E., Van Staden, J., 2010. The fire
ephemeral Tersonia cyathiflora (Gyrostemonaceae) germinates in response
to smoke but not the butenolide 3-methyl-2H-furo[2,3-c]pyran-2-one. An-
nals of Botany 106, 381–384.
Drewes, F.E., Smith, M.T., Van Staden, J., 1995. The effect of plant-derived
smoke extract on the germination of light-sensitive lettuce seed. Plant
Growth Regulation 16, 205–209.
Duncan, C.A., 2005. Tropical soda apple-Solanum viarum Dunal. In: Duncan,
C.L., Clark, J.K. (Eds.), Invasive Plants of Range and Wildlands and their
Environmental, Economic, and Societal Impacts. WSSA Special Publica-
tion, Weed Science Society of America, pp. 188–197.
Dyer, W.E., 1995. Exploiting weed seed dormancy and germination require-
ments through agronomic practices. Weed Science 43, 498–503.
FAO, 2002. Crops and drops: making the best use of water for agriculture.
Rome, Italy: FAO. Information brochure, pp. 28.
Flematti, G.R., Ghisalberti, E.L., Dixon, K.W., Trengove, R.D., 2004. A com-
pound from smoke that promotes seed germination. Science 305, 977.
Flematti, G.R., Ghisalberti, E.L., Dixon, K.W., Trengove, R.D., 2005. Synthe-
sis of the seed germination stimulant 3-methyl-2H-furo[2,3-c]pyran-2-one.
Tetrahedron Letters 46, 5719–5721.
Flematti, G.R., Goddard-Borger, E.D., Merritt, D.J., Ghisalberti, E.L., Dixon,
K.W., Trengove, R.D., 2007. Preparation of 2H-furo[2,3-c]pyran-2-one de-
rivatives and evaluation of their germination-promoting activity. Journal of
Agricultural and Food Chemistry 55, 2189–2194.
Flematti, G.R., Ghisalberti, E.L., Dixon, K.W., Trengove, R.D., 2009. Identifi-
cation of alkyl substituted 2H-furo[2,3-c]pyran-2-ones as germination stim-
ulants present in smoke. Journal of Agricultural and Food Chemistry 57,
9475–9480.
Flematti, G.R., Merritt, D.J., Piggott, M.J., Trengove, R.D., Smith, S.M.,
Dixon, K.W., Ghisalberti, E.L., 2011. Burning vegetation produces cyano-
hydrins that liberate cyanide and stimulate seed germination. Nature Com-
munications 2 (360), 1–6.
Ghebrehiwot, H.M., Kulkarni, M.G., Kirkman, K.P., Van Staden, J., 2008.
Smoke-water and a smoke-isolated butenolide improve germination and
seedling vigour of Eragrostis tef (Zucc.) Trotter under high temperature
and low osmotic potential. Journal of Agronomy and Crop Science 194,
270–277.
Global Fire Monitoring Center (GFMC), 2004. In: Goldammer, J.G., De Ronde,
C. (Eds.), Wildland Fire Management Handbook for Sub-Sahara Africa.
ComPress, South Africa, p. 432.
Goddard-Borger, E.D., Ghisalberti, E.L., Stick, R.V., 2007. Synthesis of the
germination stimulant 3-methyl-2H-furo[2,3-c]pyran-2-one and analogous
compounds from carbohydrates. European Journal of Organic Chemistry
2007, 3925–3934.
Gould, R.A., 1971. Uses and effects of fire among the Western Desert Aborig-
ines of Australia. Mankind 8, 14–24.
Hallam, S.J., 1975. Fire and Hearth: A Study of Aboriginal Usage and Europe-
an Usurpation in Southwestern Australia. Australian Institute of Aboriginal
Studies, Canberra.
Harris, D.R., 1977. Subsistence strategies across Torres Strait. In: Allen, J., Gol-
son, J., Jones, R. (Eds.), Sunda and Sahul: Prehistoric Studies in Southeast
Asia, Melanesia and Australia. Academic Press, London, pp. 421–463.
Holley, R.A., Patel, D., 2005. Improvement in shelf-life and safety of perishable
foods by plant essential oils and smoke antimicrobials. Food Microbiology
22, 273–292.IPCC, 2007. Climate change 2007: the physical science basis. In: Solomon, S.D.,
Qin, M., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M.,
Miller, H.L. (Eds.), Contribution of Working Group I to the Fourth Assess-
ment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK and New York, USA.
Jäger, A.K., Light, M.E., Van Staden, J., 1996. Effects of source of plant mate-
rial and temperature on the production of smoke extracts that promote ger-
mination of light-sensitive lettuce seeds. Environmental and Experimental
Botany 36, 421–429.
Jain, N., Van Staden, J., 2007. The potential of the smoke-derived compound 3-
methyl-2H-furo[2,3-c]pyran-2-one as a priming agent for tomato seeds.
Seed Science Research 17, 175–181.
Jain, N., Kulkarni, M.G., Van Staden, J., 2006. A butenolide, isolated from
smoke, can overcome the detrimental effects of extreme temperatures dur-
ing tomato seed germination. Plant Growth Regulation 49, 263–267.
Jones, R.M., 1969. Fire stick farming. Australian Natural History 16, 224–228.
Jones, R.M., 1980. Hunters in the Australian coastal savanna. In: Harris, D.R.
(Ed.), Human Ecology in Savanna Environments. Academic Press, London,
pp. 107–146.
Kandari, L.S., Kulkarni, M.G., Van Staden, J., 2011. Effect of nutrients and
smoke solutions on seed germination and seedling growth of tropical soda
apple (Solanum viarum). Weed Science 59, 470–475.
Keeley, J.E., 1993. Smoke-induced flowering in the fire-lily Cyrtanthus ventri-
cosus. South African Journal of Botany 59, 638–639.
Keeley, J.E., Fotheringham, C.J., 1997. Trace gas emissions and smoke-in-
duced seed germination. Science 276, 1248–1250.
Keeley, J.E., Fotheringham, C.J., 1998. Smoke-induced seed germination in
California chaparral. Ecology 79, 2320–2336.
Kulkarni, M.G., Sparg, S.G., Light, M.E., Van Staden, J., 2006. Stimulation of
rice (Oryza sativa L.) seedling vigour by smoke-water and butenolide. Jour-
nal of Agronomy and Crop Science 192, 395–398.
Kulkarni, M.G., Ascough, G.D., Van Staden, J., 2007. Effects of foliar applica-
tions of smoke-water and a smoke-isolated butenolide on seedling growth of
okra and tomato. Hortscience 42, 179–182.
Kulkarni, M.G., Ascough, G.D., Van Staden, J., 2008. Smoke-water and a
smoke-isolated butenolide improve growth and yield of tomatoes under
greenhouse conditions. HortTechnology 18, 449–454.
Kulkarni, M.G., Ascough, G.D., Verschaeve, L., Baeten, K., Arruda, M.P., Van
Staden, J., 2010. Effect of smoke-water and a smoke-isolated butenolide on
the growth and genotoxicity of commercial onion. Scientia Horticulturae
124, 434–439.
Latz, P.K., 1995. Bushfires and Bushtucker: Aboriginal Plant Use in Central
Australia. IAD Press, Alice Springs, NT, Australia.
Li, Y., Kawamura, Y., Fujiwara, N., Naka, T., Liu, H., Huang, X., Kobayashi,
K., Ezaki, T., 2004. Sphingomonas yabuuchiae sp. nov. and Brevundimonas
nasdae sp. nov., isolated from the Russian space laboratory Mir. Interna-
tional Journal of Systematic and Evolutionary Microbiology 54, 819–825.
Light, M.E., Van Staden, J., 2004. The potential of smoke in seed technology.
South African Journal of Botany 70, 97–101.
Light, M.E., Gardner, M.J., Jäger, A.K., Van Staden, J., 2002. Dual regulation
of seed germination by smoke solutions. Plant Growth Regulation 37,
135–141.
Light, M.E., Kulkarni, M.G., Ascough, G.D., Van Staden, J., 2007. Improved
flowering of a South AfricanWatsoniawith smoke treatment. South African
Journal of Botany 73, 298.
Light, M.E., Daws, M.I., Van Staden, J., 2009. Smoke-derived butenolide: towards
understanding its biological effects. South African Journal of Botany 75, 1–7.
Light, M.E., Burger, B.V., Staerk, D., Kohout, L., Van Staden, J., 2010. Bute-
nolides from plant-derived smoke: natural plant-growth regulators with an-
tagonistic actions on seed germination. Journal of Natural Products 73,
267–269.
Long, R.L., Williams, K., Griffiths, E.M., Flematti, G.R., Merritt, D.J., Stevens,
J.C., Turner, S.R., Powles, S.B., Dixon, K.W., 2010. Prior hydration of
Brassica tournefortii seeds reduces the stimulatory effect of karrikinolide
on germination and increases seed sensitivity to abscisic acid. Annals of
Botany 105, 1063–1070.
Mandal, K.G., Misra, A.K., Hati, K.M., Bandyopadhyay, K.K., Ghosh, P.K.,
Mohanty, M., 2004. Rice residue-management options and effects on soil
979M.G. Kulkarni et al. / South African Journal Of Botany 77 (2011) 972–979properties and crop productivity. Food, Agriculture & Environment 2,
224–231.
Matsuo, K., Shindo, M., 2011. Efficient synthesis of karrikinolide via Cu(II)-
catalyzed lactonization. Tetrahedron 67, 971–975.
Mavi, K., Light, M.E., Demir, I., Van Staden, J., Yasar, F., 2010. Positive effect
of smoke-derived butenolide priming on melon seedling emergence and
growth. New Zealand Journal of Crop and Horticultural Science 38,
147–155.
McGovern, R.J., Polston, J.E., Mullahey, J.J., 1994. Solanum viarum: weed res-
ervoir of plant viruses in Florida. International Journal of Pest Management
40, 270–273.
Meland, B.R., Boubel, R.W., 1966. A study of field burning under varying en-
vironmental conditions. Journal of the Air Pollution Control Association 16,
481–484.
Merritt, D.J., Dixon, K.W., Flematti, G., Commander, L.E., Turner, S.R., 2005.
Recent findings on the activity of butenolide — a compound isolated from
smoke that promotes seed germination. Abstract of 8th International Work-
shop on Seeds, Brisbane, Australia, pp. 8–13.
Modi, A.T., 2002. Indigenous storage method enhances seed vigour of tradi-
tional maize. South African Journal of Science 98, 138–139.
Modi, A.T., 2004. Short-term preservation of maize landrace seed and taro
propagules using indigenous storage methods. South African Journal of
Botany 70, 16–23.
Morison, J.I.L., Baker, N.R., Mullineaux, P.M., Davies, W.J., 2008. Improving
water use in crop production. Philosophical Transactions of the Royal Soci-
ety B: Biological Sciences 363, 639–658.
Nagase, R., Katayama, M., Mura, H., Matsuo, N., Tanabe, Y., 2008. Synthesis
of the seed germination stimulant 3-methyl-2H-furo[2,3-c]pyran-2-one uti-
lizing direct and regioselective Ti-crossed aldol addition. Tetrahedron Let-
ters 49, 4509–4512.
Nautiyal, C.S., Chauhan, P.S., Nene, Y.L., 2007. Medicinal smoke reduces air-
borne bacteria. Journal of Ethnopharmacology 114, 446–451.
O'Connell, J.F., Latz, P.K., Barnett, P., 1983. Traditional and modern plant use
among the Alyawara of Central Australia. Economic Botany 37, 80–109.
Paasonen, M., Hannukkala, A., Rämö, S., Haapala, H., Hietaniemi, V., 2003.
Smoke— a novel application of a traditional means to improve grain quality.
Nordic Association of Agricultural Scientists 22nd Congress, Turku, Finland.
Ragab, R., Prudhomme, C., 2002. Climate change and water resources manage-
ment in arid and semi-arid regions: prospective and challenges for the 21st
Century. Biosystems Engineering 81, 3–34.
Roche, S., Koch, J.M., Dixon, K.W., 1997. Smoke enhanced seed germination
for mine rehabilitation in the southwest of Western Australia. Restoration
Ecology 5, 191–203.Simorangkir, D., 2007. Fire use: is it really the cheaper land preparation method
for large-scale plantations? Mitigation and Adaptation Strategies for Global
Change 12, 147–164.
Soengas, P., Hand, P., Vicente, J.G., Pole, J.M., Pink, D.A., 2007. Identification
of quantitative trait loci for resistance to Xanthomonas campestris pv. cam-
pestris in Brassica rapa. Theoretical and Applied Genetics 114, 637–645.
Sparg, S.G., Kulkarni, M.G., Van Staden, J., 2006. Aerosol smoke and smoke-
water stimulation of seedling vigor of a commercial maize cultivar. Crop
Science 46, 1336–1340.
Stevens, J.C., Merritt, D.J., Flematti, G.R., Ghisalberti, E.L., Dixon, K.W.,
2007. Seed germination of agricultural weeds is promoted by the butenolide
3-methyl-2H-furo[2,3-c]pyran-2-one under laboratory and field conditions.
Plant and Soil 298, 113–124.
Sun, K., Chen, Y., Wagerle, T., David, L., Currie, M., Chmura, P., Song, Y.,
Xu, M., 2008. Synthesis of butenolides as seed germination stimulants. Tet-
rahedron Letters 49, 2922–2925.
Tangjang, S., 2009. Traditional slash and burn agriculture as a historic land use
practice: a case study from the ethnic Noctes in Arunachal Pradesh, India.
World Journal of Agricultural Sciences 5, 70–73.
Taylor, J.L.S., Van Staden, J., 1998. Plant-derived smoke solutions stimulate
the growth of Lycopersicon esculentum roots in vitro. Plant Growth Regu-
lation 26, 77–83.
Thomas, T.H., Van Staden, J., 1995. Dormancy break of celery (Apium grave-
olens L.) seeds by plant-derived smoke extract. Plant Growth Regulation 17,
195–198.
Tikai, P., Kama, A., 2004. A study of indigenous knowledge and its role to sus-
tainable agriculture. Available at Proceedings of the 2003 National Environ-
ment Forum, Samoahttp://www.sprep.org/att/IRC/eCOPIES/Countries/
Samoa/78.pdf#page=69. Accessed on 23 March 2011.
Van Staden, J., Jäger, A.K., Light, M.E., Burger, B.V., 2004. Isolation of the
major germination cue from plant-derived smoke. South African Journal
of Botany 70, 654–659.
Van Staden, J., Sparg, S.G., Kulkarni, M.G., Light, M.E., 2006. Post germination
effects of the smoke-derived compound 3-methyl-2H-furo[2,3-c]pyran-2-one,
and its potential as a preconditioning agent. Field Crops Research 98, 98–105.
Verschaeve, L., Maes, J., Light, M.E., Van Staden, J., 2006. Genetic toxicity test-
ing of 3-methyl-2H-furo[2,3-c]pyran-2-one, an important biologically active
compound from plant-derived smoke. Mutation Research 611, 89–95.
Ye, X.J., Wang, Z.Q., Li, Q.S., 2002. The ecological agriculture movement in
modern China. Agriculture, Ecosystems and Environment 92, 261–281.
Yin, Y.N., Chen, Y.F., Li, S.M., Guo, J.H., 2005. RAPD analysis of plant path-
ogenic coryneform bacteria. Wei Sheng Wu Xue Bao (Microbial Technolo-
gy) 45, 837–841.Edited by AM Viljoen
